Recently there has been a resurgence of interest in cyclic peptides due to their therapeutic advantages in terms of potency, permeability, proteolytic stability, and unique selectivity relative to traditional smaller drug molecules. Cyclosporin is a family of cyclic peptides widely used as autoimmune suppression agents. Cyclosporin analogs consist of eleven amino acids with the main difference lying at the side chain of its amino acid residues. In this study, a single step separation method was developed utilizing Supercritical Fluid Chromatography (SFC) to resolve five naturally occurring cyclosporin analogs (Cyclosporin A, B, C, D, and H) on a bare silica-packed column. The optimized method involved use of ethanol-modified carbon dioxide as mobile phase on a bare silica column at 80˚C and UV detection at 220 nm. Although column temperature and back pressure generally had insignificant effect on SFC separation, it was found in our study that increasing temperature and pressure greatly improved peak shape and resolution.
Introduction
Peptide therapeutics has played an important role in the pharmaceutical industry. In general, linear peptides have the advantages of potency, selectivity and less toxicity compared with small-molecule therapeutics [1] . The major drawback of linear peptides is their inherently poor proteolytic stability. On the other hand, many cyclic peptides have relatively rigid chemical structures and constrained conformations, and have demonstrated signifi-cantly improved pharmacokinetic profiles, in vivo stability and bioavailability comparing to their linear counterparts [2] . Consequently, cyclic peptides have reemerged as a new therapeutic modality in drug discovery [3] . Many of the discovery efforts have focused on natural or synthetic cyclic peptides with ten or more residues that feature natural amino acids or synthetic analogs [4] - [6] .
One of the most prominent cyclic peptide drugs is Cyclosporin (Cs), a potent immunosuppressive agent that has been widely used in organ transplantation to prevent immune rejection and viral infection as it allows selective immunoregulation of T cells. The Cyclosporin family contains a number of cyclic undecapeptide analogs with eleven amino acid residues including an unusual amino acid N-methyl butenyl-methyl-L-threonine (mBMT). Structurally the Cyclosporin analogs differ at the side chain of amino acid residues. Cyclosporin A (CsA) is the most commonly used analog and was first isolated from soil fungus by multi-step extractions [7] . Reversed phase HPLC has been widely used to separate CsA and CsC [8] [9] . Due to structural similarity, separation of multiple Cyclosporin analogs was complicated and involved multiple chromatographic procedures. Lensmeyer reported separation of CsA and its nine metabolites by means of multiple HPLC steps with sequential use of different columns (cyano, octyl and silica) and a mixture of water/acetonitrile/tetrahydrofuran with acetic acid/n-butylamine additives as mobile phases [10] .
The low viscosity and high diffusivity features of supercritical fluid chromatography (SFC) make it a superior separation technique. SFC has been widely recognized as an especially powerful tool for achiral separation of structurally similar analogs, and chiral separation of stereoisomers. For linear peptides, although most literature reports involved application of Reversed Phase HPLC methodology, it had been reported that SFC was used to separate multiple linear peptide analogs, such as separation of pentadecapeptides of gramicidin analogs on a poly(styrene-divinylbenzene) column with methanol-modified CO 2 mobile phase [11] , and separation of pairs of dodecapeptide isomers on a bare silica packed column with water/methanol as modifiers [12] . Zheng et al. reported separation of linear peptides up to 40 amino acid residues including angiotensin and urotensin by SFC-MS on an ethylpyridine column using methanol with 5 -13 mM TFA as mobile phase modifier [13] . The authors claimed that the acidity of the mobile phase modifier was critical and the amount of TFA additive varied with different polypeptides. In terms of cyclic peptides separation by SFC, there were only a few literature reports and most of them involved CsA. Kalinoski reported one of the earliest SFC applications in analysis of Cyclosporin A, using a packed microbore C-18 column with methanol-modified CO 2 mobile phase [14] . A preparative SFC method was reported to purify CsA from fermentation extract at industrial scale with a two-step SFC protocol using toluene/isopropanol-modified CO 2 as mobile phase on bare silica columns [15] . However, simultaneous separation of multiple Cyclosporin analogs by one-step SFC has never been reported. The goal of our work was to develop an SFC method for rapid separation of five naturally occurring Cyclosporin analogs ( Table 1) and to further study their chromatographic behavior.
Experimental Section

Material
General solvents for sample and mobile phase preparation were purchased from Aldrich (St. Louis, MO, USA) and were used without further purification. Cyclosporin A, B, and H were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA), Cyclosporin C was purchased from Enzo Life Sciences (Farmingdale, NY, USA). Cyclosporin D was purchased from Toronto Research Chemicals Inc. (Toronto, ON, Canada).
SFC System
The experiments were performed on an Agilent (Santa Clara, CA, USA) 1260 Infinity LC system equipped with Table 1 . Amino acid sequences of Cyclosporin analogs and cLogP values.
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an Infinity SFC module. Although many columns were evaluated, the column used primarily in this study was a Waters Corp (Milford, MA) Viridis Silica, with particle size of 5 μm, pore size of 100 Å, and dimension of 4.6 × 250 mm. The mobile phase in this study was an alcohol modified CO 2 with a gradient of 5% -30% modifier at a total flow rate of 2 mL/min. Detection wavelength was 220 nm. The column temperature was controlled by an Agilent 1260 Infinity column oven module and varied between 0˚C to 80˚C. The backpressure was varied between 100 and 300 bar. The software for data collection and process was Openlab CDS Chemstation Rev. C.01.06.
Cyclosporin Solution Preparation
1) Individual Cyclosporin solution: A 2.5 mg/mL standard solution of each individual Cyclosporin analog was prepared in methanol, 2) Mixed Cyclosporin solution: An equal aliquot of each solution was taken and mixed together to get a mixed solution containing 0.5 mg/mL each of Cyclosporin A, B, C, D, H. Individual solutions were injected for peak identification purpose.
cLogP Calculation
clogP calculations were performed with ChemAxon's MarvinView (version 6.3.1) whose algorithm is based on a modified version of the method of Viswanadhan, where the predicted partition coefficients are composed of the molecules' atomic increments [16] . The applied modifications include the redefinition of selected atom types to accommodate electron delocalization (in particular for carbon, nitrogen, and sulfur atoms).
Results and Discussion
Effect of Stationary Phases
This study focused initially on screening SFC columns with various pre-packed SFC stationary phases, including unbonded silica, and silica particles bonded or capped with pyridinyl, 2-ethylpyridinyl, diethylaminopropyl, glycopeptidyl, cyano and octadecyl groups. Methanol was used initially as the mobile phase modifier during column screening. Among all the stationary phases tested, the bare silica column showed the best separation potential for the Cyclosporin analogs (Figure 1) . The directly exposed hydroxyl group on the silica surface was deemed important for the successful separation of the five analogs. To test out the scope and effect of the hydroxyl stationary phase, a Waters Torus diol column, with silica gel capped by diol through an ether linkage, was also tested. The diol column did not produce good separation although it had high density hydroxyl groups on the surface. SFC columns with amylose or cellulose based chiral stationary phases (Chiralcel OD, OJ, and Chiralpak AD, AS, IA, IB, IC, ID) were also screened and all Cyclosporin analogs were not separated.
Effect of Mobile Phase Modifiers
The initial attempt to separate the Cyclosporin mixture involved methanol as mobile phase modifier (mobile phase B). As shown in Figure 1 , with a gradient of 5% -30% B in 20 minutes, four peaks were observed on a bare silica column. In order to identify each peak, five individual Cyclosporin solutions containing each single analog were injected separately for retention time comparison and peak identification. It was found that Cyclosporin H and D were coeluted as the first peak followed by Cyclosporin A, B, and C. When the mobile phase modifier was switched to ethanol, all the five Cyclosporin analogs were separated with an elution order of Cyclosporin H, D, A, B, C. When isopropanol was used as modifier, the five peaks showed longer retention times with broadened peak shape due to isopropanol's higher hydrophobicity and higher viscosity (Figure 2) . When pure supercritical CO 2 was used as mobile phase, none of the Cyclosporin analogs were eluted from the column. The elution order for Cyclosporin D, A, B, C is consistent with their cLogP values ( Table 1) , since SFC is nominally considered a form of normal phase chromatography where analytes are eluted in order of decreasing hydrophobicity (Figure 3) . However, CsH was eluted in the front of all the others though its cLogP value was calculated to be identical to CsA. Structurally, CsH contains an unusual D-N-methylvaline at the eleventh amino acid position while all the other four analogs contain an L-N-methylvaline at this position. Crystallization study by Brian Potter [17] has revealed that the change in chirality between CsA and CsH resulted in a major structural transformation from open beta-sheet in CsA to a highly convoluted conformation in CsH. This structural change further altered its surface solvation ability and its hydrophobicity. Indeed, CsH was more retained than CsA under reversed phase HPLC conditions [18] .
Effect of Column Temperature
In SFC of small organic molecules (e.g., MW < 900), column temperature generally has minor to moderate effect on retention time [19] [20] . In most cases, the retention time increases with increased temperature, mainly due to decreased fluid density and elution strength. We observed similar retention time-temperature relationship for the five Cyclosporin analogs. From 0˚C to 80˚C, the retention times were shifted from 9 ~ 12 minute range to 12 ~ 15 minute range.
The temperature effect on selectivity (separation factor) was reported to be of little significance [21] . Generally selectivity decreases slightly with increased column temperature. It was proposed that the interaction between analyte molecule and SFC stationary phase may result in temporary formation of an analyte-stationary phase complex [22] . The stability of this complex was reduced with increased temperature, which would subsequently reduce selectivity between multiple analytes as observed in their experiments. West et al. reported a similar selectivity trend for most of the small molecule analytes, but it was also observed that in some cases the selectivity improved with increased temperature [23] . The authors attributed the latter unusual temperature behavior to high level of desolvation of stationary phase and thus enhanced analyte-stationary phase interaction at high temperature. In terms of peptides, literature data in SFC column temperature effect are very limited. Thurbide et al. studied the temperature effect on SFC separation of multiple linear pentadecapeptides and also observed reduced selectivity as well as broadened peak shape with increased column temperature [24] .
In our study of Cyclosporin analogs, we observed that with increased column temperature, selectivity remained almost unchanged. However peak widths were significantly reduced, which suggested enhanced column efficiency, contrasting to the trend that Thurbide observed in the separation of linear peptides [24] . As resolution depends on retention, selectivity and column efficiency, the resolution of the five Cyclosporin analogs improved significantly with increased temperature (Figure 4) . At lower temperature as 0˚C ~ 10˚C, peaks were very broad with poor separation. At 50˚C C, baseline resolution was obtained for all the five peaks. The peak shape and resolution continued to improve up to 80˚C.
A similar peak broadening was reported in analysis of Cyclosporin A using reversed phase HPLC on a C18 column [25] . The peak shapes were improved by raising column temperature to 70˚C -80˚C. In our case, all the Cyclosporin analogs showed broader peaks at lower temperature, similar to the trend observed in the reversed phase HPLC study [25] . One factor for this trend is the increased viscosity and density of the CO 2 mobile phase, especially at temperature below the critical point of 31˚C. Another factor for the broadened peaks might be re- 
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lated to peptide's conformational change. Thermodynamically at low temperature peptide molecules are locked at many conformations with local energy minima due to energy barriers that could not be overcome. At elevated temperature, the peptide molecules possess enough energy to pass the barriers, and may change to those conformations with global low energy. Kinetically at high temperature the rates of interconversion between various conformers increase, resulting in sharper peaks [26] . Among the five analogs studied, the biggest temperature effect on peak width was observed with Cyclosporin H. From 0˚C to 80˚C, the peak width of Cyclosporin H was improved from 0.70 min to 0.12 min, while the peak width for Cyclosporin D (the 2nd peak) was improved in a less degree, from 0.16 min to 0.09 min. The extremely broadened peak shape of Cyclosporin H at low temperature may reflect broad conformational variations with its highly convoluted three-dimensional structure due to the presence of a unique D-N-methylvaline [17] .
Effect of Back Pressure
SFC back pressure has moderate effect on analyte's retention time [19] [21] . Increased back pressure resulted in reduced retention time. Back pressure generally has little or no effect on selectivity [27] [28], except some isolated cases where back pressure variations were reported to generate large changes in small molecule's selectivity and resolution [29] . Brunelli reported that the magnitude of pressure effect might be related to analyte's polarity and mobile phase strength [30] . Interestingly, our study on Cyclosporin analogs showed that while retention times decreased with increased back pressure, selectivity of the Cyclosporin analogs were noticeable improved when back pressure was increased from 100 bar to 300 bar ( Figure 5 ). Combining the factors discussed above, the best separation of the five Cyclosporin analogs was obtained with the SFC conditions of 80˚C column temperature and 300 bar back pressure using EtOH as mobile phase modifier on a silica column. 
Effect of Mobile Phase Additives
Use of common additives such as formic acid or diethyl amine in alcoholic mobile phase modifiers produced little separation changes since the Cyclosporin molecules are nearly neutral. Due to the immiscibility of water and carbon dioxide, water must be used together with alcohol as mobile phase modifier. Petal et al. reported that presence of 0.5% ~ 5% water in alcoholic modifiers significantly improved peak shape and resolution of linear peptides on bare silica column [12] . Our results on the effect of water-containing modifiers were mixed. It was observed that addition of water in mobile phase greatly increased the retention times, broadened the peaks, and changed the selectivities. Using EtOH/H 2 O 97:3 as mobile phase modifier, the selectivities between Cyclosporin A, B, and C were improved while the selectivities between Cyclosporin H and D were decreased and the two analogs were coeluted as a single peak.
Conclusion
Due to structural similarity, separation of multiple Cyclosporin analogs usually involved two or more chromatographic steps. In this study, a rapid Supercritical Fluid Chromatography method to separate five naturally occurring Cyclosporin analogs in single injection has been demonstrated. A bare silica stationary phase was found to be effective to resolve the five analogs with base line separation using ethanol modified carbon dioxide as mobile phase. The elution order followed cLogP prediction as expected with Normal Phase Chromatography mechanism for all the analogs except Cyclosporin H. Column temperature had significant effect on peak shape and resolution of the five analogs, which might involve cyclic peptide's conformational change. Back pressure also played a big role in selectivity. The best separation was achieved with column temperature at 80˚C and back pressure of 300 bar. The separation of the five Cyclosporine analogs under the optimized SFC conditions has been performed multiple times in our lab with excellent reproducibility. Further work is underway to apply this efficient SFC method to separate synthetic cyclic peptides to facilitate drug discovery process.
